In this work, we have studied the optimal spectrum sensing interval, which is the time between two consecutive spectrum sensing activities, such that the delay of the cognitive transmission is minimized. The throughput maximization of the cognitive radio is always a common goal of the researchers, which is keenly related to the delay of the cognitive transmission. Whereas the delay is mostly decided by the spectrum sensing interval for a given primary user (PU) channel. Therefore, we have studied the setting of the spectrum sensing interval to minimize the transmission delay of the secondary user (SU). Especially, the retransmission is considered, which deteriorates the delay of the cognitive transmission; however, neglected by the most studies. Finally, we provide both the optimal setting of the spectrum sensing interval and the numerical values.
Introduction
In Cognitive Radio (CR), the unlicensed data delivered is enabled on a free licensed frequency band, while the licensed transmission is protected. CR has exhibited great potential in mitigating the unbalanced utilization of the limited precious spectrum resources [1] . Generally, there are two major functions in CR, the spectrum sensing and dynamic spectrum access. The former performs the role of spectrum opportunities discovery and licensed user protection, whereas, the later conducts the data delivery. The spectrum sensing is our priority, thus let us have a brief look over it [2] .
There are many literatures concerning the spectrum sensing methods, which can be generally classified as, energy detection [3] , match-filter based spectrum sensing [4] and feature based spectrum sensing [5] . Energy detection decides the state of PU according to the observed energy level [3] ; however, its detection performance is sensitive to the noise influence. The match-filter based spectrum sensing has the theoretically best performance, whereas the PU signal pre-knowledge is required [4] . The feature based spectrum sensing methods have certain requirements of the PU signal and conduct the sensing accordingly, e.g., in general likelihood ratio test (GLRT) based spectrum sensing [5] , the distribution of the PU signal is demanded.
The spectrum sensing can be performed in the view of MAC (media access control) layer, however less studied. The up-to-date works about MAC sensing are mostly about the spectrum opportunity discovery and PU interference reduction. In [6] , the efficient discovery of the spectrum opportunities is studied, while the protection of PU is not accounted. The scheduling of the spectrum sensing is investigated in [7] for a non-periodical spectrum sensing. Proactive spectrum sensing is developed to reduce the interference to PU before the collision between PU and SU occurs [8] . The order of sensing a group of PU channels is studied in [9] .
In most of the aforementioned works, the relationship between spectrum sensing and delay of the SU data delivery is not considered. Since spectrum sensing is a basic function, which discovers the spectrum opportunities with overhead, it directly decides the throughput of SU. Moreover, since the throughput maximization is always a common goal of the cognitive radios and throughput is keenly related to the delay, we will study the spectrum sensing interval, i.e., the time between two consecutive sensing activities, such that the transmission delay is minimized. Especially, the retransmission is considered, which is neglected even by most of the literatures about DSA [10] . The optimization problem is formulated and solved. The optimal sensing interval is provided with the numerical results.
The rest of the paper are organized as follows. In section II, system model and some preliminaries are provided. In Section III, the problem of minimizing the transmission delay of SU with an optimal spectrum sensing interval is formulated and solved. The numerical results are provided in Section IV. Finally, Section V draws conclusion.
System Model and Preliminaries on Primary User

System Model
For simplicity, one PU channel is considered. Since the traffic of multiple PUs can be treated as one single PU, one PU is considered. The secondary user conducts periodical spectrum sensing, with sensing time window win t and spectrum sensing interval τ . We consider the case that one retransmission of the incorrectly received SU data would satisfy the requirement of the application, e.g., quality of service. A PU channel with error free spectrum sensing is considered, i.e., with zero probability of false alarm f P and miss alarm m P . The erroneous case of the problem can be conceived from the error-free case. It will be explained later.
Preliminaries on Primary User
The variation of the PU states is generally modeled as an alternative renewal process. Define ( ) t Z as this renewal process of the PU channel.
otherwise when the PU channel is "off", ( ) 0
The relationship of two time consecutive states of PU observed by SU is described by a set of conditional probabilities
, which denotes the probability that state j is now observed, if state i was observed t ∆ time before.
is defined as channel utilization of this PU channel.
Problem Formulation
We consider the delay induced by the delivery of an SU data packet p T on a PU channel. Because of retransmission, the actual transmitted data length is
For a given PU channel, the "off" portion of the PU channel, which can be utilized by SU, is u − 1 . Due to the spectrum sensing overhead (the sensing time window win t ), the portion of the PU channel, which can be used for SU data deliver is reduced to ( ) The busy portion of the PU channel, during which PU data is delivered, together with the sensing overhead (the last item above), are right the delay. Therefore, putting above four items together, we
where ( ) τ , p re T T is derived next, considering retransmission. Usually, when the number of erroneous received data exceeds a threshold, retransmission is initiated. The key point is the outrage probability that the erroneously delivered SU data exceeds a predefined threshold. It is studied next. Advanced Materials Research Vols. 765-767 ( ) ( )
The p.d.f. of x remaining staying "on" [?];
( ) ( )
The average time of PU occupations on the channel during ( )
, when the state variation (on→off, or reversely) occurs at s t The contamination of SU data delivery is mostly because of the suddenly returning of PU. When this case happens, the SNR (signal to noise ratio) or SINR (signal to interference plus noise ratio) would dramatically decrease. Thus, we introduce a threshold th L , which limits the average length of PU data during an indicated "off" spectrum sensing interval. Before going deep, we provide a metric ( ) ⋅ 0 τ which denotes the average length of the PU data during an indicated "off" spectrum sensing interval, as shown in Fig. 1. Fig. 1 is inspired by [6] . The variables in Fig. 1 are explained in Table. 1.
( ) ⋅ 0 τ can be written as Eq. 5, which is obtained by solving a group of integral equations with Laplace transform following that of [6] . 
where the derivation Eq. 5 is omitted, which can be conceived as the "dual" problem of that in [6] . The interested reader may refer to it. Define ( ) t f 0 is the distribution of the "off" periods. In the integral in Eq. 6, the probability distribution function (PDF) of ( ) ⋅ 0 τ is not Eq. 2, but ( ) t f 0 . There are two reasons. The first one is that there is no state variation of PU from time 0 to time t in the integral in Eq. 6. The other reason is that after this time t the PU state begins to change, i.e., switch to "on". Please refer to the first pair of sub figures in Fig.1, for . Thus, the delay minimization problem in this paper can be reformulated. Due to its similarity, no more is explained.
Numerical Results
The numerical values of τ in Eq. 8 is plotted with delay in Fig.2 . The parameter setting is as follows. s T P 10 = . . The star markers resides in the plotted curve in Fig.2 is the optimal value * τ . T E are borrowed from [6] . The other parameters are the same as these in Fig.2 .
To show the improvement in delay induced by delivering an SU packet P T , the proposed method is compared to the method of [6] . The results are plotted in Fig.3 . The x-axis of Fig.3 varies. The other parameters are the same as those of Fig.2 . As shown by Fig.3 , the delay of the proposed method is reduced compared to that of [6] .
Conclusion
In this work, we have studied the delay minimization problem regarding the varying of spectrum sensing interval for CR. Especially, the retransmission of SU data is considered. The optimal solution is obtained. The procedures of finding the optimal solution can be simplified for certain parameters.
Our results would inspire further study about the throughput enhancement of cognitive radio, particularly those considering the retransmission. 
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